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X-RAY FLUORESCENCE ANALYSIS OF WHOLE COAL 
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development of r a p i d ,  a c c u r a t e  a n a l y t i c a l  methods f o r  t h e i r  determinat ion.  Because 
X-ray f luorescence a n a l y s i s  has  demonstrated i t s  usefulness  in the  determinat ion of 
major, minor, and t r a c e  elements i n  numerous types of materials, i t  was f e l t  t h a t  
this method could be extended t o  t r a c e  element determinat ions in whole coal .  I n  t h e  
p a s t  such analyses  have been s e r i o u s l y  hampered by t h e  lack  of s tandard samples. 
However, U. S. Environmental Pro tec t lon  Agency sponsored research,  which is being 
conducted i n  o u r  l a b o r a t o r i e s ,  has  generated a l a r g e  number of coa l  samples f o r  which 
t r a c e  elements have been determined by two o r  more independent a n a l y t i c a l  procedures 
(v iz .  o p t i c a l  emission, neutron a c t i v a t i o n ,  atomic absorpt ion and w e t  chemical 
methods). 
developed f o r  t h e  determinat ion of a number of t r a c e  and minor elements in pressed 
whole c o a l  samples. 

cence spectrometer. 
Labora tor ies  of t h e  I l l i n o i s  S t a t e  Geological Survey. 
r e p o r t  is  based w a s  p a r t i a l l y  supported by U .  S. Environmental Pro tec t ion  Agency 
Contract  60-02-0246. 

Using these  c o a l s  a s  s tandards,  a X-ray f luorescence method has been 

The instrument used i n  t h i s  p r o j e c t  was a P h i l l i p s  manual vacuum X-ray f luores-  
A l l  ana lyses  for t h i s  s tudy  were made in t h e  Analy t ica l  Chemistry 

The work upon which t h i s  

Prel iminary Inves t iga t ion  of Major and Minor Elements 
in Whole Coal and Coal Ash 

Two d i f f e r e n t  types of  mater ia l s  - coal  a s h  and whole c o a l  - were analyzed i n  

Whole coal was ground wi th  10 per  cent by weight of a binder  and pressed i n t o  
Sample 

t h i s  p r o j e c t ,  and sample prepara t ion  w a s  var ied  accordingly. 

a d i s c ,  which was used as t h e  a n a l y t i c a l  sample without f u r t h e r  t reatment .  
p repara t ion  techniques are given i n  d e t a i l  in I l l i n o i s  State Geological Survey 
Environmental Geology Note 61. 

respec t  t o  s o f t  X-rays emit ted by " l i g h t "  elements such as Mg, Si, A l ,  and C a ;  
however, f o r  elements "heavier" than B r ,  it was necessary to  increase  t h e  sample 
weight t o  a t t a i n  i n f i n i t e  sample thickness ,  i.e., no X-rays penetrated through the 
pressed c o a l  sample. 

e s t a b l i s h i n g  major element matr ix  information on coa l  ashes  t o  be a n a l  zed f o r  t r a c e  
elements by o p t i g a l  emission spectroscopy. 
icupcrawre (453 
(1973), were used f o r  t h i s  purpose, and the method of Rose, Adlerband Flannigan (1961) 
was adapted for t h e  determinat ion of major and minor elements (S i ,  Ti, A l ,  Fe, Mg. C a ,  
K, and V). The ins t rumenta l  parameters used f o r  these  elements a r e  given in Table 1. 
To a s s e s s  t h e  v a l i d i t y  of t h i s  procedure, a s e r i e s  of analyzed coa l  ashes  obtained 
f r o m  t h e  B r i t i s h  Coal U t i l i z a t i o n  Research Associat ion (BCURA) were analyzed along 
w i t h  t h e  two types of ash  prepared in our l a b o r a t o r i e s .  
ana lyses  were prepared from National Bureau of Standards rock s tandards (lB, G1, W1. 
No. 78, No. 79, No. 88) .  The values  determined f o r  t h e  BCURA coa l  ashes  were in 
e x c e l l e n t  agreement w i t h  publ ished r e s u l t s  of Dixon, Edwards, F l i n t ,  and James (1964). 
Standard devia t ions  were ca lcu la ted  f o r  dupl ica te  coa l  ash  determinat ions.  They were: 
si - .0715%, Ti - .0066%, A 1  - .0567%, Fe - .0493%, Mg - .0178%, Ca - .0282%, 
K - .0123%, P - .0074%, and V - 1.3 ppm. These devia t ions  a r e  comparable t o  "Class A" 
wet si l icate analyses and are i n d i c a t i v e  of a high degree of accuracy. 

Because of these encouraging r e s u l t s  and previous work on brown coa ls  by 
Sweatman, Norrish, and Durie (1963) and Kiss (1966), which ind ica ted  t h a t  major and 

It was found t h a t  two grams of c o a l  gave a d i s c  t h a t  w a s  i n f i n i t e l y  t h i c k  with 

Our use of X-ray f luorescence  w a s  o r i g i n a l l y  intended f o r  t h e  purpose of 

8 Both low temperature (<150 C) and high 
C j  c o a i  asnes, preparea a s  describned by kucn, Giuskocer, and rnimp 

Cal ibra t ions  f o r  these 
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minor elements could be determined in 
f o r  analysis. For each coal, a low temperature ash, a high temperature ash and the 
whole coal itself were prepared for X-ray fluorescence analysis sample preparation 
procedures. When all values were converted to the whole coal basis, the agreement 
among the three types of coal materials was excellent (Table 2) indicating that the 
simpler and more rapid whole coal technique is acceptable for the determination of 
major and minor elements. 

coal, a series of 25 coals were prepared 

Determination of Trace Elements in Whole Coal 

Trace element determinations on whole coal.have beenseverely handicapped by the 
lack of analyzed standards. Because of this it has been necessary to prepare 
calibration curves from samples analyzed in our laboratories by other independent 
methods. The accuracy of the X-ray fluorescence method is, therefore, limited by the 
accuracy of the methods used for obtaining the trace element concentrations that were 
employed in preparing the calibrations. 
adding known quantities of trace elements to ground whole coal prohibited the 
preparation of calibrations in that fashion. 

The "light" coal matrix of carbon, hydrogen and oxygen and the relatively small 
variation of "heavier" trace elements permits their determination with a minimum of 
interferences. Using the same whole coal procedures as previously described for the 
determination of major and minor elements, P, V, Cr, Mn, Co, Ni, Cu, Zn, AS, Br, Mo, 
and Pb have been determined directly in 50 whole coals. 

data indicate the precision obtained for the X-ray fluorescence analysis on duplicates 
of 15 samples of whole coal ground to -325 mesh. 
method was evaluated by calculating, from the 50 whole coals analyzed, the mean 
variation of each element* from its mean concentration as determined by the other 
independent methods previously mentioned (Table 5). Detection limits (three standard 
deviations above background) for each element are also,given in Table 5. 

The difficulties encountered in uniformly 

The relative errors f o r  all* elements determined are given in Table 4 .  These 

Accuracy of the X-ray fluorescence 

X-Ray Matrix Corrections for Analysis of Whole Coal 

Due to the lack of standards, variations in analyses made by other methods, and 
errors caused by coal sampling problems; it has been difficult to evaluate the need 
for X-ray matrix corrections and to select the best method for applying them. How- 
ever, corrections were necessary because some elements in whole coal such as Fe, Si, 
and S may vary considerably. 
inantly to all samples because it was impossible to determine the point at which 
matrix variations required a correction greater than the accuracy limits of the 
method. 
accurate results. As a result the elements Mg, Al, Si, P,  S, C1, K, and,Mo were left 
uncorrected. 
1968) they were shown to be adequate for our purposes (Table 2 ) .  The Ti and V values 
were corrected by using the variations in whole coal iron content. 

Sweatman, Norrish and Durie (1963). 
measuring the attenuation of the radiation in question by a thin layer of the sample 
to be analyzed. The mass absorption coefficient M was calculated by Cs.  

CX' 
where A = area of sample (cm'); W = weight of sample in grams; Cs = intensity in 
counts per second of the standard; and Cx = intensity in counts per second of the 
standard attenuated by the coal sample. Using these coefficients, a corrected value 
was obtained for the elements determined even when matrix variations were considerable. 
It should be noted that great care was taken to press the coals to a uniform thickness 
so that the mass absorption coefficient was affected only by density (for which 
compensation was made) and matrix considerations. 

For these elements, corrections were applied indiscrim- 

We elected to use the minimum number of corrections compatible with reasonably 

While these determinations probably could be improved (Berman and Ergun, 

The method of correcting the other elements for matrix variations was that of 
A total mass absorption was determined by 

= + 

* For completeness, whole coal minor element data are also included in the trace 
element tables. 
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Effect  of Coal P a r t i c l e  S ize  Upon Trace Element Analy t ica l  Prec is ion  

Our r e s u l t s  ind ica ted  t h a t  c o a l s  ground t o  -60 mesh d id  n o t  y i e l d  a c o n s i s t e n t l y  
acceptable  prec is ion  f o r  most t r a c e  element determinat ions.  Therefore, it w a s  
necessary t o  evaluate  t h e  e r r o r s  assoc ia ted  with the  determinat ion of t r a c e  elements 
in coals  ground t o  d i f f e r e n t  p a r t i c l e  s i z e s .  

ground t o  pass screens  of v a r i o u s  mesh s i z e s  (Table 6 ) .  
samples f o r  each mesh s i z e  were weighed and, then,  a l l  were f u r t h e r  reduced i n  s i z e  
by gr inding for 3 minutes i n  a No. 6 Wig-L-Bug. The f i n a l  gr inding of  a n a l y s i s  
samples e l iminated,  a s  n e a r l y  a s  poss ib le ,  any v a r i a t i o n  i n  t h e  pressed coa l  d i s c s ,  
which were subsequently prepared f o r  a n a l y s i s  according t o  Ruch, Gluskoter, and Shimp 
(1973). I n  a l l ,  over  1000 i n d i v i d u a l  determinat ions were made i n  t h i s  study. 

Table 6 gives t h e  combined means of t h e  d i f f e r e n c e s  between dupl ica te  t r a c e  
element determinat ions f o r  each coa l  p a r t i c l e  size analyzed. 
absolu te  d i f fe rences  (ppm) and t h e  means of the  r e l a t i v e  d i f fe rences  (absolute  
d i f fe rence  expressed a s  a percentage of the  concentrat ion)  are given. 
show t h a t  there is a progress ive  improvement i n  p r e c i s i o n  with decreasing coa l  p a r t i c l e  
s i z e .  

The ranges of r e l a t i v e  d i f f e r e n c e s  between d u p l i c a t e  analyses  f o r  a number of 
t r a c e  elements a t  t h r e e  c o a l  mesh s i z e s  are given i n  Table 3 .  
B r ,  t h e  ranges are narrower f o r  t h e  -200 and -325 mesh s i z e s  than they a r e  f o r  t h e  
-60 mesh coa l .  

Progressive reduct ion  in c o a l  p a r t i c l e  s i z e  from -60 t o  -400 mesh r e s u l t e d  i n  
the  improvement of p r e c i s i o n  f o r  a l l  elements except B r .  
elements w a s  reduced below 5% f o r  c o a l  ground t o  pass  a -200 mesh s ieve .  

on -200 mesh c o a l .  
t h i s  w i l l  usual ly  be unnecessary except f o r  ana lyses  t o  be  used as standard va lues  o r  
o ther  s p e c i a l  purposes. Var ia t ions  i n  t h e  o r i g i n a l  f i e l d  sampling of coa l  would 
probably negate any improvements i n  p r e c i s i o n  t h a t  might be gained from grinding 
below the  -325 mesh size. 

i t  is f e l t  that i t  should a l s o  apply t o  any method in which a l imi ted  sample (- 3 grams 
or l e s s )  is taken f o r  a n a l y s i s .  

Nine coals ,  represent ing  a range of trace element concentrat ions,  were c a r e f u l l y  
Duplicate  two gram coal  

Both the  means of t h e  

The r e s u l t s  

With t h e  exception of , 

The combined mean f o r  a l l  

These data i n d i c a t e  t h a t  f o r  most purposes acceptab le  prec is ion  can be obtained 
Fur ther  improvement is  achieved on grinding t o  -325 mesh, but  

While t h i s  s tudy appl ied  d i r e c t l y  t o  X-ray f luorescence a n a l y s i s  of whole coa l ,  

Discussion and Conclusions 

Good agreement of whole coa l  r e s u l t s ,  a s  determined by X-ray f luorescence,  was 
obtained wi th  those va lues  determined by severa l  o ther  independent methods (Table 5). 
Some var ia t ions  among t h e  methods were found t o  occur a t  t h e  higher t r a c e  element 
concentrat ions,  e s p e c i a l l y  f o r  t h e  more coarse ly  ground coa ls .  Because t h i s  was t r u e  
not  only of the X-ray f luorescence  method, bu t  a l s o  of t h e  o ther  methods inves t iga ted ,  
i t  w a s  f e l t  that t h e  v a r i a t i o n s  were d ~ i e  t n  aarn?l*ng P T T C ~ S  cccse? hy the XC_.I~TB:C~ 

of d i s c r e t e  mineral p a r t i c l e s  such as p y r i t e  and s p h a l e r i t e  i n  whole coa l .  This  has 
now been demonstrated t o  be  t r u e  by geologis t s  a t  the  I l l i n o i s  S t a t e  Geological Survey 
using t h e  scanning e l e c t r o n  microscope. 

f luorescence method descr ibed in t h i s  repor t  a r e  l imi ted  t o  those elements occurr ing 
i n  whole coa ls  at  concent ra t ions  of a few p a r t s  per  mi l l ion  or  grea te r .  
as Se, Hg, and Sb, which a r e  usua l ly  present  i n  whole c o a l  a t  l e v e l s  below one ppm, 
are not capable of being determined by t h i s  method. 

Our r e s u l t s  i n d i c a t e  t h a t  X-ray f luorescence provides a highly usefu l  t o o l  f o r  
rap id  and reasonably a c c u r a t e  a n a l y s i s  of whole c o a l  f o r  t r a c e  elements. 
t h e  speed and s i m p l i c i t y  of t h e  method, i t  is highly  adaptable  t o  l a r g e  s c a l e  surveys 
of c o a l  resources .  While t h e  l i m i t a t i o n s  of t h i s  simple procedure may preclude the  
determinat ion of c e r t a i n  e lements ,  t h e  time-saving f a c t o r  over o ther  methods (40 or  
50 t o  1 in the case of B r  by neutron a c t i v a t i o n )  without l o s s  of accuracy may w e l l  
make X-ray f luorescence t h e  method of choice f o r  many elements. The a v a i l a b i l i t y  of 
improved equipment, such as nondispersive systems and automation, could extend t h e  
a p p l i c a t i o n  of X-ray a n a l y s i s  to  a dominate p o s i t i o n  f o r  t h e  determination of t r a c e  
elements i n  w h o l e  coa l .  

It is apparent from Table 5 t h a t  t r a c e  elements determined by the  X-ray 

Elements such 

Because of 

I 
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E l  e m e n  t 

s i  
A 1  
T i  
F e  
Ca 
K 

V 
S 
c 1  
P 
N i  
c u  
Zn 
P b  
Br  
AS 
co 
Mn 
Mo 

Mg 

C r  

TABLE 2 - 

E l e m e n t  

si 
A1 
T i  
Fe 
C a  
K 
P 
Mg 
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TABLE 1 - SPECTROMETER PARAMETERS 

2 8 A n g l e  B a c k g r o u n d  2 8 

K L 3  & K L p  108.01° 111. 0l0 
K L 3  & K L 2  142.42 145.95 
K L 3  & KLz 86.12 89.12 
K L 3  & KL? 57.51 60.51 
K L 3  44.85 47.95 
KL3 & KL2 50.32 53.90 
K L Z  3 136.69 139.69 
K L 3  & KLz 76.93 80.93 
K L 3  6 K L 2  75.24 78.38 
K L 3  64.94 67.94 
K L 3  & K L Z  110.99 113.99 
K L 3  & K L 2  48.66 50.36 
K L 3  & K L n  45.02 49.67 
K L 3  6 KLz 41.79 44.25 
L 3 N 5  & LpMb 28.24 31.24 
K L 3  & K L p  29.97 35.12 
K L 3  & KL2 34.00 , 37.00 
K L 3  & KLz 52.79 53.79 
K L 3  & K L 2  62.97 63.97 
K L 3  & KLz 20.33 19.83 

‘20.83 
KL3 & K L p  69.35 68.35 

MEAN ABSOLUTE VARIATION 
BETWEEN RAW COAL AND ASH 

(X) A v e r a g e  (X) Maximum 
D i f f e r e n c e  D i f f e r e n c e  

.10 .24 
.08 .12 
.012 .030 
.10 .17 
.04 .12 
.02 .04 
.002 .005 
.OlO .015 

C r y s t a l  

EDDT 
EDDT 
L i F  
L i F  
EDDT 
EDDT 
ADP 
L i F  
EDDT 
EDDT 
G e  
L i F  
L i F  
L i F  
L i F  
L i F  
L i F  
L i F  
L i F  
L i F  

L i F  

X-Ray T u b e  

C r  
C r  
C r  
C r  
C r  
C r  
C r  
C r  
C r  
C r  
C r  
C r  
C r  
C r  
C r  
C r  
C r  
W 
W 
W 

W 

PHA Volts 
B a s e  Window -- 
7 17 
5 17 
5 18 
5 25 
14 30 
14 21 
4 8 
5 16 
12 18 
11 19 
9 15 
10 27 
11 28 
10 22 
22 28 
25 23 
24 23 
13 16 
8 12 
36 40 

7 15 

TABLE 3 - RANGE OF RELATIVE ERRORS I N  
PERCENT AT THREE WHOLE COAL 
PARTICLE SIZES 

E l e m e n t  -60 M e s h  -200 Mesh -325 Mesh 
~~ 

V 
P 
N i  
cu  
Zn 
Pb 
AS 
B r  

0.0 - 10.0 .3 - 5.0 .3 - 4.0 
2.0 - 18.0 2.0 - 10.0 1.5 - 7.5 
1.5 - 25.0 .O - 20.0 1.5 - 8.0 
.8 - 20.0 1 .2 - 1.0 .2 - 1.0 

1.2 - 25.0 1.2 - 12.0 .1 - 6.5 
-4 - 23.0 1.2 - 9.5 .4 - 5.0 
.1 - 6.0 .1 - 4.0 0.0 - 1.5 

0.0 - 4.0 0.0 - 3.5 0.0 - 3.0 
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TABLE 5 - COMPARATIVE ACCURACY FOR WHOLE COAL 
AND LIHITS OF DETECTION , 

TABLE 4 - DEVIATIONS ON -325 M 
WOLE COAL 

Element 

A 1  
s i  
S 
c1 
K 
Ca 

Fe 
Mg 

T i  
V 
Ni 
cu 
Zn 
AS 
Pb 
B r  
P 
co 
Mn 
C r  
Mo 

Standard 
Deviation 

D e r  cent 

.021794 

.05319 

.013038 

.0035496 

.00370135 

.005291 

.002097 

.021977 

a?!!! 
4.1580 
1.5801 
1.11744 
.74833 

3.6105 
.94291 

1.5286 
.39047 

3.4066 
.4300 

4.1429 
1.1402 
3.1080 

R e l a t i v e  
Devia t ion  (%) 

1.77 
1.96 

1.13 
2.26 
1.65 
3.88 
1.26 

.532 

.564 
3.84 
4.29 
3.92 
1.37 
2.49 
2.29 
2.11 
10.92 
4.79 
7.53 
4.35 
23.9 

A1 
si  
S 
c1 
K 
Ca 

Fe 
Mg 

z i  
V 
N i  
cu 
Zn 
As 
Pb 
Br 
P 
c o  
Mn 
Cr 
Mo 

f .08 
f .10 
f .04 
f .01 
f .02 
f .04 
f .010 
f .10 

l!E 

f 6.3 
f 3.1 

' f 1.9 
f 2.5 
f 23. 
f 4.3 
f 7.7 
f 1.0 
f 15. 
f 1.3 
f 3.4 
f 2.1 
f 5.2 

TABLE 6 - MEAN ERROR FOR ALL ELEMENTS AT . 
VARIOUS COAL PARTICLE SIZES 

( X )  Error  of Mean 
E Eirmrnt Concencracion M-"L - a - -  .."I.. " I U S  

-60 M f 3.05 
-100 M f 2.11 
-200 M f 1.26 
-325 M f 1.12 
-400 M f 1.02 
<<400 M f .93 

8.47 
6.38 
4.28 
2.62 
1.56 
1.40 

Limi t  of 
Detec t ion  

y r L  E r l l C  
_ _ _  _ _ _ -  
.012 
.016 
.003 
.0015 
.003 
.0005 
.015 
.005 

7.5 ppm 
2.5 ppm 
3.5 ppm 
1 PPm 
2 PPm 
3.2 ppm 
1.8 
.5 

2.5 
4.5 
1.5 ppm 
5 PPm 

15 P P ~  
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